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Cannabinoid type 1 Receptor (CB 1 ) belongs to the GPCR family and it has been targeted, so far, for the 
discovery of drugs aimed at the treatment of neuropathic pain, nausea, vomit, and food intake disorders. 
Here, we present the development of the first fluorescent assay enabling the measurement of kinetic binding 
constants for CBiOrthosteric ligands. The assay is based on the use of Til 17, a fluorescent analogue of 
AM251. We prove that T1117 binds endogenous and recombinant CBj receptors with nanomolar affinity. 
Moreover, Til 17 binding to CBj is sensitive to the allosteric ligand ORG27569 and thus it is applicable to 
the discovery of new allosteric drugs. The herein presented assay constitutes a sustainable valid alternative to 
the expensive and environmental impacting radiodisplacement techniques and paves the way for an easy, 
fast and cheap high-throughput drug screening toward CB! for identification of new orthosteric and 
allosteric modulators. 

Cannabinoid (CB) receptors are human receptors responsible for the prominent effects (hypokinesia, 
catalepsy, analgesia and stimulation of food intake) of (— )-A 9 -tetrahydrocannabinol (A 9 -THC), the main 
psychotropic constituent of cannabis 13 . At least three CB receptors are expressed in human tissues: (i) CBj 
receptors, which are found predominantly at central and peripheral nerve terminals, where they mediate inhibi- 
tion of transmitter release 2,4 , (it) CB 2 receptors, which are mainly located on immune cells, where they modulate 
cytokines release 2,5 , and (Hi) GPR55 receptors, which have been recently proven to bind cannabinoids and to be 
localized in adrenals, in the gastrointestinal tract as well in the central nervous system, even if at much lower level 
than CB! 6 . Both CBj and CB 2 receptors are coupled to Gi/ D proteins, negatively to Adenylate Cyclase and 
positively to mitogen-activated protein kinase 7,8 . 

Endogenous agonists of CB receptors like arachydonoylethanolamide (anandamide) and 2-arachidonoyl 
glycerol have been identified 9,10 , as well as several CBj and CB 2 selective agonists and antagonists have been 
synthetically developed 2 . Some of them behave as inverse agonists, an indication that CBj and CB 2 receptors can 
exist in a constitutive active state 11 . At least three orthosteric ligands of CB receptors (Cesamet 12 , Marinol 13 , and 
Sativex 14 ) are already in clinic, with them being prescribed to reduce chemotherapy- induced nausea, stimulate 
appetite, reduce neuropathic pain and as adjunctive analgesic treatment for patients with advanced cancer 2 . On 
contrary, Rimonabant, an inverse agonist of CB receptors, was firstly commercialized as anorectic antiobesity 
drug, and then suspended due to the psychiatric problems described in treated patients 15 . The withdrawal of 
Rimonabant once more highlights the need of fine-tuning CBj functionality for development of a safe drug. In 
that regard allosteric ligands offer great opportunities and great strides have been performed in the CB l field 16-18 
for their discovery. 

Indeed, the existence of an allosteric site on the CB] receptors was experimentally demonstrated 19 and the 
finding and characterization of CB 1 allosteric modulators is still object of intense research 16,17 . Among CB 1 
allosteric ligands, ORG27569 was proven to modulate the rate of binding 20 22 for agonists and inverse agonists 
without affecting their binding constants 23,24 . 

Nowadays, affinities and binding parameters of ligands for the orthosteric and allosteric binding site of the CB 
receptors are usually measured using radioligand displacement assays. Besides the considerable costs of those 
assay, the lipophilicity and the low degree of solubility in water of the majority of CB ligands complicate the 
above-mentioned procedure 2527 .Indeed, the compounds either stick non-specifically to membranes or to the 
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filters used to separate their unbound pool from the receptor-bound 
one. This, in turn, alters the correct measurement of the concentra- 
tion of free ligand and thus the values of binding and kinetic 
parameters 25 . 

Recently, a fluorescent tetra-methyl-rhodamine (TAMRA) 
labeled form of the CB receptor inverse agonist AM251, namely 
T1117 (Fig. 1), was commercialized, thus paving the way for the 
development of a new fluorescence assay in the CB receptor field. 
However, the use of fluorescently labeled ligands for binding studies 
needs preliminary proofs. The reduction in affinity for the target, 
common in fluorescently modified ligands, does not have to com- 
promise precision, accuracy and usefulness of the assay 28,29 . As 
regards Til 17, radio-displacement assays have reported decreased 
affinity for CB receptors compared to AM251 30 , while an increased 
specificity for GPR55 was reported although few details have been 
shown 30-31 . 

In line with the published results, we observe a moderate decrease 
of affinity for both the endogenously and eterologously expressed 
CBi receptor (IC50 = 8 nM vs 450 nM, for AM251 32 and Til 17, 
respectively). Herein, computational approaches were used to give 
insight about possible reasons behind the lower affinity of Til 17. 
Upon binding to CB] receptor, Til 17 gets fluorescently quenched 
allowing the monitoring of the binding event. This prompted us to 
develop and set up a fast and easy fluorescent-based assay amenable 
for high throughput screening of orthosteric as well as allosteric CB 
ligands. The designed assay not solely allows the measurement of 
affinity constants, such aspK; and B max , of new drugs, but allows also 
detection of the and k 0 „, thus giving precious insights on the 
kinetic aspect of the binding process. The newly developed method 
turned out to be extremely useful also in the study of allosteric 
ligands. As proof of concept, the ORG27569 binding towards CBj 
was assessed and perfectly reproduced the reported reduction in the 
Bmax °f inverse agonist for CB]. Amenability for high-throughput 
screening and automatation on one hand, the environmental sus- 
tainability and the cost of a Tl 1 17 based assay, on the other, locate it 
among the most valid experimental platform for identification of 
new CB] ligands. 

Results 

Fluorescence behavior of Til 17 upon binding to CB 1 receptor. 

We started performing equilibrium binding experiments to set up 
the optimal assay condition. Rat Brain Membranes were incubated 
with 500 nM Til 17 in PBS (Fig. 1) (the solubility of the probe in 
buffer was poor with the highest solubility reachable in PBS being 



5 uM). After 30 minutes of incubation at RT, the fluorescence 
intensity of T1117 was measured (excitation and emission maxima 
of Til 17 are around 530 and 590 nm, respectively). As shown in 
Figure 2a and in Supplementary Figure SI, in the presence of 
membranes the Til 17 fluorescence signal decreases compared to 
the fluorescence of the same amount of probe dissolved in PBS. To 
monitor change in fluorescence unrelated to the binding to CBj, 
membranes were pretreated for 30 minutes with the CB 1 inverse 
agonist AM251 (5 uM (Fig. 1)) prior incubation with T1117. 
Upon incubation with AM251, the fluorescence signal of the probe 
in the membranes is higher than in the absence of the inverse agonist 
(Fig. 2a). The effect of AM251 is opposite in the absence of mem- 
branes. When PBS is supplemented with 5 uM AM251 the fluore- 
scence intensity of Til 17 decreases, probably due to absorption of 
the inverse agonist at the excitation wavelength of the probe (Fig. 2a). 
The behavior of T 1 1 1 7 in the presence of membranes was somewhat 
surprising, since the quantum yield of TAMRA is dependent upon 
polarity of the environment, with the highest yield manifesting in 
low polarity environments. For this reason, we were expecting an 
increase in fluorescence intensity after an event of binding. More- 
over, fluorescence intensity of Til 17 in the presence of membranes 
and AM251 reaches a much higher value than the one in buffer 
suggesting a more complex scenario explaining the change in 
emission property of Til 17 in our assay. 

Thus, we envisaged the existence of two events happening during 
our fluorescent binding assay. The first would correspond to the 
binding of Til 17 to CBj, with the probe being fluorescently- 
quenched when bound to the receptor. This is not uncommon as it 
was already seen for other fluorescent probes binding to human 
receptors 33 . The second event would happen upon displacement of 
T1117 from CB X by AM251. In our hypothesis the probe would 
remain into membranes due to its hydrophobicity that would dis- 
courage it in going back to solution. The apolar lipidic environment 
of the membranes would be the reason of the increase in Til 17 
fluorescence emission we register upon displacement by AM251. 

With the purpose of verifying our hypothesis, we start dem- 
onstrating the tendency of Til 17 to remain in membranes upon 
displacement by AM251. Increasing amount of T1117 were incu- 
bated with rat brain membranes or with buffer. After 30 minutes 
AM251 was added or not to the samples. The mixtures were centri- 
fuged to sediment the membranes and the amount of probe bound to 
them was measured by absorbance at 530 nm. As shown in 
Supplementary Figure S2, in the pellet of the samples without mem- 
branes we could not detect any trace of T 1 1 1 7 confirming that in our 
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Figure 1 | Structure of AM251, Rimonabant and T1117. 
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Figure 2 | Fluorescence behavior of Til 17 in membranes, (a) Rat brain membranes (30 ug of total protein) were incubated for 30 minutes at RT with 
Til 17 (500 nM) in the presence (purple bar) or in the absence (green bar) of AM251 (5 uM). Samples were excited at 535 nm and fluorescence intensity 
at 610 nm was recorded and compared with the one of an equal amount of Tl 1 17 dissolved in buffer supplemented (gray bar) or not (black bar) with 
AM251 (5 uM). (b) Human CI?! receptor was transiently expressed in HEK293 cells. Membranes obtained from mock (red and blue bars) or transfected 
cells (green and purple bars) were incubated for 30 minutes at RT with Tl 1 17 in the presence or in the absence of AM251. Fluorescence intensity at 
610 nm was recorded and represented as in a (mean of at least three experiments, s.d. is indicated)), (c) Rat CB t -GFP receptor was transiently expressed 
in HEK293 cells. Membranes obtained from mock (red and blue bars) or transfected cells (green and purple bars) were incubated for 30 minutes at RT 
with Til 17 in the presence or in the absence of AM251. Samples were excited at the excitation wavelength of GFP (485 nm) and fluorescence intensity at 
610 nm was recorded and represented as in a (mean of at least three experiments, s.d. is indicated), (d) Schematic drawing of the two protocols described 
in the text for using Tl 1 17 for binding measurement to CB] and of the way to measure specific binding. Circles represent cells while the violet star shows 
the fluorescence intensity of Tl 1 17. The text beside them indicates if the cell express or not CB^ In the left panel is described the measurement of 
zbinding by Fluorescent Intensity (suitable for binding measurement to endogenously expressed or recombinant non fluorescently- tagged CBi). Specific 
binding relates to the difference of Til 17 fluorescence before and after displacement. In the right panel is described the measurement of binding by FRET 
(to use for fluorescently-tagged CBi chimeras). Specific binding relates directly to the amount of FRET dependent Til 17 fluorescence. 
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assay condition the probe is soluble. On contrary, in the presence of 
membranes, Til 17 was recovered in the pellet demonstrating its 
tendency to associate with membranes. Moreover the adding of 
AM251 did not push the probe back to solution confirming what 
we register in the fluorescence measurement and thus that, indepen- 
dently from the displacer, Til 17 remains bound to membranes. 
Interesting the association curves of Til 17 to membranes are not 
linear but they reach a plateau after the concentration of 1 uM, 
moreover the absorbance of Til 17 upon displacement by AM251 
is increased reflecting the same phenomenon we measure reading the 
fluorescence of the probe (Fig. 2a). 

To further prove our model, the binding ofT1117to CB i receptor 
was followed in an eterologous system where CBi was transiently 
expressed in HEK293 cells. Membranes obtained from mock or CB! 
transfected cells were incubated with 500 nM Tl 1 17 in the presence 
or in the absence of AM251. Upon incubation with Til 17, the fluor- 
escence quenching of the probe is visible in membranes obtained 
from CBi expressing cells but not in membranes obtained from 
untrasfected cells (Fig. 2b) confirming that the fluorescence of 
T1117 depends on CB! binding. Moreover, AM251 is able to deter- 
mine de-quenching of Til 17 only in membranes expressing CB! 
(Fig. 2b). 

We confirm these results performing a FACS experiment. A C- 
terminally tagged version of CBi (CB^GFP) was transiently 
expressed in HEK293. After harvesting of the cells, these were treated 
with 500 nM Til 17 followed or not by AM251. CB r GFP positive 
cells were sorted from the untrasfected ones and Tl 1 17 fluorescence 
emission was measured in both the pool of cells (Supplementary 
Figure S3). Independently by the presence of CBi-GFP, cells were 
labeled by Til 17. On contrary only in the pool of cell expressing 
CBi-GFP a change in fluorescence intensity of Tl 1 17 could be regis- 
tered upon AM25 1 treatment. These results show the tendency of the 
probe to associate and to remain attached to cells upon displacement 
from CBi. This in turn increases the fluorescence emission of Tl 1 17 
as it is influenced by the low polarity of the environment and by the 
absence of quenching water molecules. 

To avoid the influence that the change in polarity has on Tl 1 17 we 
changed the setting of our assay measuring binding of the probe to 
CBi by Fluorescence Resonance Energy Transfer (FRET). CBi-GFP 
expressing cells were incubated with Tl 1 17. Samples were excited at 
the excitation wavelength of GFP while emission was measured at the 
one of Til 17. FRET is only possible when the two fluorescent moi- 
eties are in close proximity (from 10-100 A). As shown in Figure 2 
panel c, FRET from GFP to Til 17 can be measured only in cells 
expressing CBi-GFP and the energy transfer is reduced by the pres- 
ence of AM251. The change in polarity of TAMRA after displace- 
ment does not influence the FRET measurement because upon 
displacement the molecules are too far from each other. This new 
setting confirms the influence that the polarity has on the Til 17 
emission and more importantly the specificity of Til 17 binding to 
CBi. 

In Figure 2 panel d the two setting of the assay are described 
together with the procedure to measure the specific binding of 
T1117 to CB 1 . For the measurement of binding to endogenous CB t 
or to recombinant CB^ specific binding correlates with the specific 
quenching (difference in Til 17 emission before and after displace- 
ment by AM25 1 ) . In the presence of a fluorescent version of CB i , like 
CBi-GFP, the specific binding correlates with the change in the FRET 
dependent Til 17 fluorescent emission. 

Affinity and kinetic parameters of Tl 1 17 binding to CBi receptor. 

Binding of Til 17 to CBi receptor was measured in a time course 
experiment at 1-min time intervals. After a short time (5 minutes) of 
equilibration of membranes in PBS, the indicated concentration of 
T1117 were added (Time 0, Fig. 3 a,b,c). As shown in Figure 3, an 
increase in fluorescence is visible till a plateau (less than 5% of 



fluorescence intensity variation per minute) is reached (association 
plateau, p ass ). Thus AM251 (Time 1, Fig. 3 a,b,c), was added to 
displace Til 17 specifically bound to CB^ As already seen with the 
measurement at equilibrium (Fig. 2a), the add of AM251 determines 
an increase of Til 17 fluorescence till a second plateau is reached 
(dissociation plateau, pd IM ). A similar increase was observed when 
1 uM anandamide was added instead of AM251 at Time 1 (data not 
shown). Non cannabinoid receptors ligands such as nicotine (1 uM) 
did not affect the fluorescence of the probe (see Supplementary 
Figure S4). 

The difference in fluorescence intensity between the two plateaus 
(AF) represents the amount of fluorescence that can be specifically 
dequenched by an excess of cannabinoid receptor ligands and thus is 
refereed as specific quenching. 

Specific quenching correlates with the specific binding of Til 17 
and can be used to determine the affinity of the probe for cannabi- 
noid receptors. When specific quenching is plotted vs. probe con- 
centration, apparent B max and Kj for T 1 1 1 7 can be calculated (Fig. 3d 
equation 1 in Appendix). As shown in Figure 3e, fluorescence signal 
correlates with Til 17 concentration showing a correlation coef- 
ficient in untreated and AM251 treated membranes of 20248 
nM^'cm - ' and 40427 ntVP'ciTT 1 , respectively. Using this titration 
curve, a value of 460 ± 80 nM and 10 ± 3 fmol/ug were calculated 
for K d and B max of the probe, respectively (Table 1). The specific 
quenching of Til 17 was linear with protein concentration with 
optimal reproducible value obtainable using protein amount 
between 15 and 30 ug of total protein (Fig. 3 f). 

The half time needed to displace T 1 1 1 7 by CB : directly correlates 
to k^ rate (see equation 2 in Appendix). k Dj ^ rate of displacement 
resulting from our measurement is 0.78 ± 0.2 min -1 . k^ that 
directly correlates to the half time of association of Til 17 and 
together with the measured k Dj y can be used to calculate k 0 „ and K,; 
(equation 3-5 in Appendix). k OJ1 and K d measured with dynamic 
measurement were 1.76 ± 0.5 uM -1 nrkr 1 and 431 ± 20 nM 
(Table 1). 

Tl 1 17 as new tool to determine IC50 for orthosteric and allosteric 
Cannabinoid Receptor modulators. Til 17 fluorescence measure- 
ment was tested as alternative tool to measure IC50 of ligands for 
Cannabinoid Receptors. Membranes were preincubated with 
different concentrations of the CB receptor agonist anandamide 
and the inverse agonist AM251 prior to addition of T1117 and the 
quenching of the probe was monitored in time (Fig. 4a-c). The 
treatment with increasing concentration of ligands resulted in an 
increase in the p ass> (Fig. 4a) as expected. Plotting the ratio between 
the fluorescent p ass value of treated and untreated membranes 
(relative p ass ) versus concentration of the drug tested results in a 
conventional competition curve (Fig. 4b and c). IC50 values 
calculated for anandamide and AM251 are 21.0 ± 1.0 and 1.5 
±0.6 nM respectively, which are in accordance with those 
obtained using the radioligand displacement assay and reported in 
literature (IC50 anandamide = 40 nM 34 ;IC50 AM251 = 8 nM 32 ). 

Moreover we tested a further pool of 18 compounds for their 
ability to compete with Til 17 in binding to CBi (see Supple- 
mentary Figure S4). Among the molecules we choose there are: i) 
hit molecules that came out from high throughput screening toward 
CBi receptor and displaying either high affinity and low affinity for 
the receptor 2 (compounds 4-6); ii) molecules with features resem- 
bling the pharmacophore of an orthosteric ligand of CB! 9,10 , (com- 
pounds 7-11); iii) a low affinity endogenous ligand for CBi 2 
(Oleamide); ligands of iv) COX enzymes (compound 12, and Nime- 
sulide); v) Nicotinic receptor (Nicotine, Epibatidine, Anabaseine); vi) 
5HT3 receptor (Serotonine) and vii) GABA receptor (GABA). Rat 
brain membranes were incubated with Til 17 for 30 minutes and 
then the compounds were added at the concentration of 1 uM. As 
shown in Supplementary figure S4 only the molecules belonging to 
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Figure 3 | Time-based scan of Til 17 fluorescence, (a-c) Fluorescence at 610 nm was recorded at 1-min time intervals. After having been equilibrated in 
PBS, Rat brain membranes (15 ug of protein) were incubated at Time 0 with 350 nM (panel b) 550 nM (panel (a)) and 1000 nM (panel (c)) of Til 17. 
After having reached a fluorescent plateau (p ass ) AM25 1 5 uM was added to the samples and fluorescence recorded till a second plateau (pji ss ) was reached. 
Specific quenching (AF) (value of the fluorescence at p^, minus the one at p ass ) is indicated, (d) Saturation isotherm constructed plotting specific 
quenching values versus T 1 1 1 7 concentration and fitting them with the equation 1 shown in the Appendix, (e) Rat brain membranes were incubated in the 
presence (squares) or in the absence (circles) of AM251 to be then incubated with the indicated concentration ofT1117. Correlation between fluorescence 
intensity an amount of probe is represented using the linear regressions, (f) The indicated amount of membranes were incubated with 1000 nM Tl 1 17 to 
be then displaced with AM251 5 uM. Specific quenching was measured and plotted versus the amount of membranes used. 



classes i, ii and iii were are able to displace Til 17 at the tested 
concentration, confirming the specificity and sensitivity of the assay 
and its potentiality for high throughput screening toward CB^ 
Interestingly, the assay also proved to be sensitive to small structural 
differences, being able to discriminate structurally related com- 
pounds as highlighted by compound 12, which is structurally similar 
to AM251 (Fig. 1 and Supplementary Figure S4), but that does not 
displace T1117. 

Similarly, Til 17 fluorescence measurement can be employed to 
determine IC50 of the allosteric ligands such as ORG27569. 
ORG27569 is thought to induce a conformational change in CBi 
receptor that in turn increase and reduce the B max for CBi of the 
agonist CP55940 and the inverse agonist AM251, respectively 23,24 . 
Using Til 17 fluorescence measurement we indeed could measure 
a decrease in the amount of probe specifically bound to CB l (increase 
in relative^) with an IC50 value for ORG27569 of 3.02 ± 1.05 uM 
(Fig. 4d), a value in a range similar of those reported in literature 
(IC50 ORG27569 (AM251) around 1 uM 16 ' 19 ). Since ORG27569 is 
an allosteric ligand specific for CB! receptor 16 , our result show that 
Til 17 is addressing mainly CBj receptor due to its specificity or to 
the low level of CB 2 and GPR55 in the rat brain membranes used. 



Computational study o£AM251 and Til 17 binding to CBi. A 

three-dimensional model of CB! receptor was generated through 
the Modeller 9.11 software 35 (see Material and Methods for details) 
using as template the recently disclosed structure of human 
sphingosine 1-phosphate receptor [SIPi (PDB code: 3V2Y)] 36 . The 
choice was dictated by the sequence identity and the close evolu- 
tionary relationship between the two receptors (see Supplementary 
Figures S5-S6 and Supporting Information for further details) 37 . For 
docking purpose, a box encompassing the entire orthosteric binding 
pocket as defined by mutagenesis data on Rimonabant (Fig. l) 38-40 
was applied. When AM251 was docked, the binding mode shown in 
Figure 5a was found (see Material and Methods for binding mode 
selection criteria). Specifically, the oxygen atom of the acetohydrazil 
group H-bonds to the K 328 amino group, the piperidinyl moiety is 
accommodate in a hydrophobic pocket defined by F 3 25 , K 3 28 , and 
L 329 , while the 2,4-dichlorophenyl group establishes hydrophobic 
interaction with F 3 36 , W 543 , W 648 , and F 2 61 residues and the p- 
iodophenyl group stacks between F 261 and F 735 . The above-descri- 
bed biding mode (Fig. 5a) is in line with mutagenesis data indicating 
that the F 2 - 61 , K 328 , L 3M , F 336 , W 543 , W 648 , and F 735 residues are 
involved in Rimonabant binding 38 40 , and it is in accordance with 
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Figure 4 | Til 17 fluorescence-quenching for affinity measurement of CBj ligands. Rat brain membranes were pre-incubated with increasing 
concentration of anandamide (panel (a-b)) AM251 (panel (c)) and ORG27569 (panel (d)), (the arrow indicate the increment in p„ ss as the anandamide 
concentration increases). Fluorescence emission was recorded at the indicated time intervals after the add of Tl 117 and till a plateau was reached. 
Fluorescence fold difference at plateau (relative p ass ) is plotted versus anandamide (panel (b)) AM251 (panel (c)) and ORG27569 (panel (d)) 
concentration. Non linear regression (see equation 6 of Appendix) was used to fit the experimental values and calculate IC50 values. 



SAR reported for this class of compounds 41,42 . In particular, SAR 
demonstrates that (/) the carbonyl moiety of the acetohydrazil 
group is essential for binding, in fact in our model it interacts with 
K 32S ; (h) the elongation of the aliphatic chain at position 3 of the 
pyrazole ring leads to a reduction of the binding affinity, indeed in 
our model the piperidinyl substituent fills the above-described 
hydrophobic pocket; and (Hi) bulky and hydrophobic substituents 
at position 5 of the pyrazole ring produced compounds with greater 
binding affinity for the CBi receptor 41,42 . In line with the proposed 
model, substituents at position 5 would extend toward the hydro- 
phobic channel described below (see TAMRA positioning). Recently, 
a binding mode of Rimonabant which is rotated of 90° with respect to 
ours, facing the 5 position of the pyrazole ring towards the TM 5, was 
reported 40 . Such a difference is likely due to the different template 
used to build the CB X model (human p 2 -adrenergic) 40 . However, the 
reported model would not explain the capability of Tl 1 17 to bind the 
CB i nor the tolerance of bulky substituents at position 5 of Rimo- 
nabant pyrazole ring 41,42 . Conversely, our docking of T1117 shows a 
binding mode similar to that observed for AM251 (Fig. 5b) in line 
with the experimentally found nanomolar K d . However, the presence 
of the TAMRA group induces a slight shift of the entire compound, 
with respect to AM251, towards TM1 and TM7 (Fig. 5c) with the 
following consequences: (t) a weaker interaction with K 328 with 
respect to AM251, and («') worst interaction between the piperi- 
dinyl ring and L 329 with respect to AM251 (see Fig. 5a-c). Indeed, 
the phenylpropyl arm of TAMRA plunges in a hydrophobic channel 
defined by I 137 , F 264 , A 736 , F 737 , and M 740 while the rhodamine 
nucleus extends out of CBj soaking in the lipid environment 
(Fig. 5d). Taken together the binding modes found for AM251 and 



Til 17 fully explain the nanomolar of both compounds and 
clearly suggest that the "shifted" binding mode of Til 17 is respon- 
sible for the reduced affinity of the latter with respect to AM251. The 
proposed binding mode for Tl 1 17 (Fig. 5b-d) is also able to explain 
the surprising fluorescence quenching of the probe upon binding to 
CBj (Fig. 2c). In our model, the TAMRA moiety appears in 
proximity of the polar heads of the phospholipids and of the TM7 
domain of the protein (Fig. 5c, d). Thus, upon binding to CB^ the 
fluorophore could be experiencing a more polar environment than in 
its unbound form. This model in turn provides a structural rationale 
to the quenching observed for Til 17. 

Discussion 

Among conventional methods, radioligand displacement assay 
remains the most often used one for the discovery of new ligands 
for GPCRs. However, the need of high-throughput screening and 
high content drug discovery assay, together with the health, safety 
and disposal issues associated with the use of radioligands, has 
prompted a growing development of fluorescent based techniques. 

Here, we report a detailed setting of the first fluorescent based 
assay in the Cannabinoid field. It makes use of a recently commer- 
cialized fluorescent analogue of the CB receptor inverse agonist 
AM251, namely Til 17, derivatized with a tetra-methyl-rhodamine 
(TAMRA) moiety (Fig. 1). 

Til 17 shows a for CBi receptor of around 450 nM, showing a 
lower affinity for the receptor than its non-fluorescent parental mole- 
cule (Fig. 1 and Table 1). The reduction in affinity compared to 
AM251 was expected and already seen for other fluorescent probe 
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Figure 5 | Theoretical Binding modes of AM251 and Til 17 within CI?! receptor, (a) and (b) Binding poses of AM251 and Til 17 respectively. The 
protein sidechains were represented in white sticks, the AM251 was depicted in light blue sticks, while the AM251 and TAMRA portion of Til 17 were 
represented in light blue and cyan, respectively (c) Superposition of the AM251 and Til 17 binding modes, the protein is represented by transparent, gray 
surface. TM7 and TM1 are highlighted by red and yellow surfaces, respectively. AM251 is represented by light blue and transparent sticks, while Til 17 is 
depicted as indicated in (b). (d) Theoretical representation of the Til 17 localization into the membrane environment. From the picture it can be 
appreciated how the TAMRA arm crosses the portal defined by TM1 and TM7 (yellow and red surface respectively). 



bound to GPCR ligands 28 ' 2 '. Rodamine is a big molecule and it likely 
sterically hinders ligand-receptor interaction (Fig. 5). 

The binding of Tl 1 17 to CB^ is a two steps process. Driven by its 
poor solubility in water Tl 1 17 first moves into the lipid bilayer. The 
non polar environment of the membrane and the absence of quench- 
ing water molecules increases its fluorescence emission. Subse- 
quently, T117 binds to CBj and gets fluorescently-quenched (Fig. 2 
panel d). 

The tendency to partition into membranes makes Tl 1 17 not ideal 
for in situ identification of CB] receptors (for example for staining of 
CB receptors in in vitro cultured cells) nor for being used as ligand for 
signaling studies (for example for functional assays on CB receptors). 
Under a fluorescence microscope it would be indeed not trivial to 
discriminate between specifically CBj bound Tl 1 17 from the one just 
absorbed into membranes. Similarly it would be difficult to attribute 
solely to a CBj modulation by Tl 1 17 the activation of a given intra- 
cellular pathway. 

On contrary, Til 17 expresses a great usefulness as displaceable 
ligand to measure affinity of agonists and inverse agonists of CB] 
receptors (Supplementary Figure S4). Affinities for anandamide and 
AM251 that were measured using our Til 17 based assay are in 
perfect line with the ones obtained using other techniques reported 
in literature (Fig. 4). The fluorescence we follow has several advan- 
tages over conventional radioligand binding techniques including 
the ability to easily monitor ligand-receptor interactions in real time 
and determine kinetic parameters like ko„ and k 0 g of binding (Fig. 3 
and Table 1). 

Using new generation fluorescence plate reader (see methods for 
detail) we have been able to perform binding measurement in a 
multiwell format and automatically dispense Til 17 and the other 
components of the assay into the well increasing the accuracy for the 
measurement of kinetic parameters. This make our Til 17 based 
assay an easy platform for the measurement of affinity of CB recep- 
tors orthosteric and allosteric ligands. 



Although great strides have been done in the knowledge CB recep- 
tors, substantial challenges in understanding the mechanisms of 
orthosteric and allosteric ligands action at these receptors remain 
to be faced. Nowadays, allosteric ligands provide novel opportunities 
to modulate GPCR function that cannot be achieved by orthosteric 
ligands, however, much remain to be clarified about their function- 
ing of allosteric ligands 18 . Herein, we prove that Tl 1 17 is sensitive to 
the allosteric drug ORG27569 and this would open up new precious 
opportunities for a better characterization of the allostery in CB 
receptors. 

Besides reducing the considerable costs of a radio displacement 
assay, the Til 17 based fluorescence experimental platform we 
describe has low environmental impact that together to its amenabil- 
ity for high-throughput screening and automation will prompt new 
contributions to the structural biology and the drug discovery in the 
CB receptors field. 

Methods 

Reagents. T1117 (Tocrifluor) (W-(Piperidin-l-yl)-5-(4-(4-(3-(5-carboxamido- 
tetramethylrhodaminyl)-propyl))phenyl)-l-(2,4-dichlorophenyl)-4-methyl-lH- 
pyrazole-3-carboxamide), AM251 (N-(Piperidin-l-yl)-5-(4-iodophenyl)-l-(2,4- 
dichlorophenyl)-4-methyl-lH-pyrazole-3-carboxamide) were from TOCRIS 
Bioscience. Til 17 and AM251 were reconstituted in EtOH and diluted in PBS to 
0.010 mM and 1,08 mM, respectively. Anandamide (N-(2-Hydroxyethyl)- 
5Z,8Z,llZ,14Z-eicosatetraenamide)was from Sigma Aldrich and was diluted to 
1 mM. OR27569 (5-Chloro-3-ethyl-W-[2-[4-(l-piperidinyl)phenyl]ethyl-lH- 
indole-2-carboxamide) was kindly provided from R. Silvestri (University of Rome) 
and reconstituted 10 mM in DMSO. PBS tablets were from Fluka. Organic solvents 
from Carlo Erba (Italia). Compounds: 4 (2-(2-Chlorophenyl)-3-(4-chlorophenyl)-7- 
(2,2-difluoropropyl)-6,7-dihydro-2H-pyrazolo[3,4-f][l,4]oxazepin-8(5H)-one), 5 
(5-(l,l-Dimethylheptyl)-2-[5-hydroxy-2-(3-hydroxypropyl)cyclohexyl] phenol), 6 
(N-(4-chlorophenyl)-5-(4-(pentyloxy)phenyl)-lH-pyrazole-3-carboxamide), 7 (2- 
phenyl-2-norborbanol, mixture of endo and hexo), 8 (4-(2,5-diphenyl-2H-pyrazol-3- 
yl) -pyridine), 9 (l,5-Diphenyl-lH-pyrazole-4-carboxylic acid), 10 ((3-(4- 
isopropylphenyl)cyclohexyl)acetic acid, 11 (2-cyclohexylbenzoic acid), 12 (4-[5-(4- 
Methylphenyl)-3-(trifluoromethyl)-lH-pyrazol-l-yl]benzenesulfonamide), 13 (1,1'- 
(l,4-phenylene)bis(l-methylcyclohexane)), were purchased from Sigma- Aldrich Co. 
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LLC, Nicotine, Epibatidine, Serotonin, GABA, Anabasein, Oleamide, Quercetin, 
Nimesulide were all from Sigma Aldrich. 

HEK 293 Culture, transfection and membrane preparation. HEK293-T were 
grown in DMEM supplemented with 5 mM Glutammine and 10% Fetal Calf Serum 
at 37° C in 5% C0 2 atmosphere. Freshly defrost cells were used for the transfection 
experiments. After a maximum of 7 days in culture cell were splitted the day before 
the experiment to gain a plate at 20-30% confluence. Poliethylenimmine (PEI) in 
water (1 ug/ul) was used as transfecting agent. Briefly 4 ug of DNA were mixed with 
10 ug of PEI in 150 mM NaCl to be then added after 30 minutes of incubation to a 
10 cm dish of cells in complete fresh medium. Cells were harvested 48 hours after the 
transfection and centrifuged for 5 minutes at 800 X g, resuspended in cold PBS, and 
repelleted again. Cell pellet were dounced 20 times in a Teflon dounce. Homogenates 
were centrifuged for 5 minutes at 1,000 X g (4°C) to remove nuclei, cell debris and 
unbroken cells. The resulting was centrifuged at 20,000 X g to obtain a membrane 
fraction used for the fluorescence experiments. 

Rat brain membranes preparation. Adult (300-400 g), male Sprague-Dawleyrats 
(kindly provided by Prof. Sorrentino and Prof. Ialenti, Faculty of Pharmacy, Naples, 
Italy) were killed by decapitation. The brains were rapidly removed and chilled in ice- 
cold PBS. Each organ was disrupted in 20 ml of cold PBS using a Teflon dounce (20 
passages). The homogenates were centrifuged at 1,000X g (4°C) for 30 minutes to 
remove cell debris and unbroken tissues. The supernatant was centrifuged at 20,000 X 
g to and the resulting pellet frozen on solid C0 2 . 

T1117 fluorescent measurement. 50 ul of membrane suspension (15 to 30 ug/ul of 
total proteins) in PBS were incubated in 96 well black Optiplate (Perkin Elmer) with 
or without the indicated amount of drugs. 5 minutes after the incubation the plates 
were inserted in a 2104 Envision Multi-label plate reader (Perkin Elmer). Each sample 
was excited with Envision filter 206 (535 ± 25 nM; 50% T) (Perkin Elmer) and 
fluorescence filtered with an emission filter 203 (615 ± 8.5 nM; 80% T) (Perkin 
Elmer), using a normal top mirror. Measurements were done in a continuous mode 
with time intervals of 1 minute. After 5 and 35 minutes the indicated amount of Tl 117 
and AM251 dissolved in PBS were added to each well, respectively. The adding was 
performed using the automatic liquid dispenser of the Envision to dilute the two 
molecules at the indicated concentrations. Plots were fitted in Prism5 (GraphPad 
Software Inc., La Jolla, CA) using inhibition sigmoidal curve to calculate IC50. 

FACS measurement of Tl 1 17 binding to CBi. HEK293 were transiently transfected 
with cDNA encoding for rat CBi-GFP. 48 hours after the transfection cell were 
harvested by gentle resuspension in warm culture medium. While in suspension cells 
were treated with 1 uM Tl 1 17 for 30 minutes. When indicated, cells were treated for 
15 minutes with 5 uM AM251. After being treated cells were sorted in a Bekton- 
Dickinson FACS-Sorted FACScan equipped with an Argon lamp in a linear data 
mode. 

Absorbance measurement of Til 17 binding to CB l and T117 partition into 
membranes. Rat brain membranes {60 jig) were incubated with the indicated 
amount T117 in a fmal volume of 100 ul for 15 minutes. When indicated 5 uM 
AM251 was added. Membranes were sedimented at 14.000 r.p.m. in a tabletop 
centrifuge at 4°C. Pellets were resuspended in PBS and absorbance measured at 
530 nm and plotted versus Til 17 concentration. Data were fitted with equation 1 of 
the Appendix section in Graph Pad Prism. 

Fluorescence scan of Til 17 binding to CBj. Rat brain membranes {150 ug) were 
incubated with 500 nM Tl 17 for 15 minutes in a quartz cuvette in the dark in a finale 
volume of 500 ul. Fluorescence spectra were recorded in a Cary Eclipse 
Spectrophofomoter at R.T. with X exc = 530 nm and A, ems in the 550 to 700 nm range. 
Excitation and emission slits were set at 5 nm. 

FRET measurement of Til 17 binding to CBx-GFP. HEK293 cells transiently 
expressing CB r GFP were harvested and processed as described above. Samples were 
excited with Envision filter 102 (485 ± 14 nM; 60% T) (Perkin Elmer) and 
fluorescence filtered with an emission filter 203 (615 ± 8.5 nM; 80% T) (Perkin 
Elmer), with a time delay between excitation and emission of 90 ms. 

Homology modelling. To date, a number of X-ray crystal structures for different 
GPCR families were disclosed 43 ' 44 . In this context, several models of the CBi receptor 
have been proposed using rhodopsin, (3 2 -adrenergic and adenosine receptor subtype 
2A (A 2 A)as template 40 ' 45,46 . Among the possible CBi templates, recently, the human 
sphingosine 1-phosphate receptor (SlPi) has been disclosed offering new possibility 
to build up more reliable 3D model for the CB t receptor 37 . In fact, receptors having the 
highest sequence identity with respect to the CB t are the SlP^ and the A 2 a{27% and 
23% of sequence identity, respectively [(data obtained from the ClustalW identity 
matrix) 47 see Supplementary Figure S5]}. Moreover, SIPi orthosteric binding site was 
evolutionary selected to bind sphingosine (a lipid-derived ligand) and similarly CB t 
binds a lipid-derived ligand (anandamide) as transmitter 9 . In addition, experimental 
evidences support the notion that CBi and SlPi share a common mechanism of 
binding and a common activation mechanism 37 . Therefore, the SIPi X-ray crystal 
structure (pdb code: 3V2Y 36 ) was choose and used as template to generate the 3D 
structure of CBi. CBi and SlPiSequences were aligned using the ClustalW server 47 



(see Supplementary Figure S6) and the 3D model of CB! was generated using the 
Modeller9.11 software 35 . 

Molecular docking. AM251and T1117 were built using the fragment builder tool of 
Maestro9.1 48 . The compounds were geometrically optimized by means of 
Macromodel 48 , using MMFFs as force field, water as implicit solvent until a 
convergence value of 0.05 kcal/mol*A 2 . The computational protocol applied consists 
of the application of 500 steps of the Polak-Ribiere conjugate gradient (PRCG) for 
structure minimizations. The CB! protein structure was prepared through the Protein 
Preparation Wizard of Maestro9.1 48 . Docking was accomplished through the Glide 
induced fit docking (IFD) tool available in Maestro9.1 48 . The grid was centered on the 
residues shaping the orthosteric binding pocket for which mutagenesis data on 
Rimonabant binding are available 38 " 40 (F 2 6 \ K 3 28 , L 329 , F 3 36 , W 5 43 , W 648 , and F 7 - 35 
according to Ballesteros — Weinstein numbering 49 ). The flexible region of the protein 
was fixed until 8 A around the center of the grid. Each docking run was carried out 
with the standard precision (SP) method, and the van deer Waals scaling factor of non 
polar atoms was set to 0.8. Fifteen docking poses were obtained and among these 
poses we selected the best pose in accordance with the mutagenesis data 38-40 , and 
structure- activity relationship studies previously reported for this class of CB { 
ligands 41 ' 42 . Finally, T1117 was docked using as reference structure the selected CB^ 
AM251 complex. Since the large dimension of the TAMRA substituent of T1117 the 
Glide induced fit docking (IFD) tool available in Maestro9.1 was used 48 . In this case 
the grid for the docking studies was centered directly on the AM251 ligand binding 
pose. The flexible region was fixed until 8 A around the center of the grid. Each 
docking run was carried out with the standard precision (SP) method, and the van 
deer Waals scaling factor of non polar atoms was set to 0.8. Fifteen docking poses were 
obtained and among these poses we selected the docking pose with the highest Glide 
score. The selected docking pose were minimized using OPLSA2005 as force field, the 
PRCG methods until a gradient of 0.001 kcal/mol*A 2 applying a stepwise relaxation 
protocol for which harmonic constraints were progressively reduced for backbone, 
side chains and ligand atoms. 

CB^DNA. Homo sapiens CBi receptor cDNA (CNR1, NM_016083) already cloned 
in the vector pCMV6-XL4 was purchased at Origene Technologies. The DNA was 
amplified and maxi-prep (Quiagen) pure DNA was used for transfection. The 
construct encoding the rat CB^ C-terminally tagged with GFP (3xFLAG- CBiRwt- 
GFP) was kindly provided by Prof. Zsolt Lenkei (ESPCI Paris) 50 . 
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